Three silicon-nitride (Si 3 N 4 ) ceramic specimens (differing in terms of sintering additive and bending strength) were corroded and tested in 3-mol/L-HCl aqueous solutions at 80℃ for 1500 h. The corrosion resistance of each specimen was evaluated by measuring weight loss and bending strength of the specimens before and after the immersion tests. The corroded and fractured surfaces of the specimens were observed by SEM. When the specimens were soaked in the aqueous HCl solutions, weight loss and bending strength decreased with immersion time. Moreover, after immersion, the color of a layer in the fractured section (called "discolored layer" hereafter) changed, and the layer became thicker with immersion time. The discolored layer included a corroded layer at the point of contact with the corrosion solution (where grain boundaries were eluted). The correlation between corroded-layer thickness and weight loss and that between bending strength and weight loss were both found to be linear. However, the gradients of those correlations for each test specimen were found to differ, so it is difficult to summarize these correlations with one linear mathematical expression. Measured bending strength and bending strength predicted using fracture toughness (K IC ) of the Si 3 N 4 -ceramic specimens and crack length were found to be closely related. In this prediction, the corroded-layer thickness of the specimens immersed in HCl solutions was considered to be equivalent to the diameter of semi-circular surface cracks.
Introduction
Compared to metallic materials, ceramics are superior in terms of their resistance to heat, abrasion, and corrosion. In particular, silicon nitride (Si 3 N 4 ), namely, a non-oxide system, has excellent thermal-shock resistance (since it has a low coefficient of linear expansion and a high coefficient of thermal conductivity), so it is applied as a structural material (Diesel engine parts, Bearings parts) for high-temperature environments. However, it has been revealed that Si 3 N 4 corrodes in high-temperature water (Galuskova, et al., 2014) and in acidic or alkaline aqueous solutions (Seipel and Nickel, 2003 , Bellosi, et al., 1996 , Okada, et al., 1991 . Accordingly, to apply Si 3 N 4 as a structural material under corrosive environments, it is essential to understand how its corrosion resistance and mechanical properties change in actual usage environments.
A great deal of research on corrosion resistance of ceramics has targeted environments such as high-temperature melts, corrosive gases, and acidic or alkaline aqueous solutions, and it has been reported that corrosion resistance is affected by the composition of grain boundaries (Ueno, et al., 1995) . Moreover, as for mechanical properties after corrosion has occurred, it has been revealed that grain boundaries eluted by corrosion act as cracks and thereby lower mechanical strength of the applicable ceramic (Okada, et al., 1991 (Okada, et al., ,1992 . Until now, variation in strength of Si 3 N 4 when it was exposed to highly concentrated acidic or alkaline aqueous solutions has been evaluated. According to the
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[wt%] (Arai, et al., 1995) .
In the present study, three types of commercially available Si 3 N 4 (differing in terms of sintering additive and bending strength) were selected as specimens for corrosion testing, and variations in the corrosion morphology and bending strength of the specimens after they were immersed in aqueous hydrochloric-acid (HCl) solution were investigated.
Experimental method
The material under test was three types of commercially available Si 3 N 4 formed by pressureless sintering (specimens A, B, and C, hereafter). The mechanical properties, the grain size and chemical composition of the three specimens are listed in Table 1 and 2 respectively. The bending strengths listed in Table 1 by placing the container in a constant-temperature furnace. After prescribed immersion times of 200, 500, 1000, or 1500 h, each specimen (four specimens in total, i.e., one for each immersion time) was taken out of the container for analysis. Arai, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00384]
The targets of the evaluation in regard to corrosion were weight change and bending strength after immersion in the aqueous HCl solution. Bending strength was determined by four-point bending test under ambient temperature in compliance with Japanese standard JIS R 1601. Moreover, portions of the surfaces of the specimens before and after (fracture surfaces) the bending tests were observed by scanning electron microscope (SEM). The elution components present in the HCl solution after the 1500h immersion were analyzed by ICP spectrometry.
Corrosion in aqueous acidic solution 3.1 Change of corrosion weight loss and bending strength
Weight loss of the Si 3 N 4 specimens corroded in 3-mol/L HCl at 80℃ as a function of time is plotted in Fig. 1 . Although the weight losses in the figure are average values for four specimens under each condition (immersion time), the variation of each specimen is within the range of ±0.5×10
-2 kg/m 2 . It is also clear from the figure that in the same manner as previously reported (Okada, et al., 1992) , before immersion time of 200 h, the rate of corrosion weight loss is high, but after that time, it drops rapidly, so weight loss increases more gradually with time. Moreover, weight loss is greatest in the case of specimen B.
The effect of immersion time on bending strength is plotted in Fig. 2 . Although the bending strengths plotted in the figure are average values for four specimens, the variation for each specimen under the test conditions is within maximum ±50 MPa. According to the figure, although bending strength falls rapidly (by 200 to 300 MPa) up to immersion of 200 h, after that time, it decreases very little and stays roughly constant up to 1000 h, in accord with the trend in weight loss shown in Fig. 1 . Furthermore, the greatest decrease in bending strength, shown by specimen B, is in accord with the biggest weight loss, also shown by specimen B.
State of corrosion
SEM images of the surfaces of the Si 3 N 4 specimens before and after immersion in 3-mol/L aqueous HCl solution are shown in Fig. 3 . As shown in the images, the surface after 1500 h of immersion is in a state in which the grain boundaries are corroded. Observing the fracture surface reveals a layer that becomes discolored in the direction from the surface of the specimen to the inside (hereafter, "discolored layer") as immersion times gets longer. As an example, the appearance of the fracture surface after 1500-h immersion is shown in Fig. 4 . In the figure, the discolored layer in the fracture surface after 1500-h immersion can be clearly seen (labeled "corroded layer ① and ②"), and in the case of specimen B, the discoloration accounts for 90% of the entire fracture surface. Moreover, when the fracture surfaces are observed at high magnification, particles of columnar Si 3 N 4 can be seen in regions The discolored layer in the fractured surface of the specimen after immersion for 1500h can be seen clearly (labeled "corroded layer ①" and "②"). In addition, in the central area of the specimens, grains of Si 3 N 4 cannot be observed clearly. Arai, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00384]
In the HCl solutions containing the specimens after 1500-h immersion, spherical depositions with diameter of 0.1 mm could be seen. According to electron-probe micro analysis (EPMA) of the depositions, regardless of the applicable specimen, silicon and oxygen were detected. As previously reported (Seipel and Nickel, 2003) , glass components in the grain boundaries are eluted. The amounts of eluted components in the specimen-containing HCl solutions after 1500-h immersion are listed in Table 3 . The values listed in the table were converted to equivalent values for 1 L of specimen solution. Comparing the sizes of the elution amounts for each specimen reveals that weight loss occurs after corrosion in the case of all specimens, and the elution amount for specimen B is the largest. It can also be ascertained from the table that the eluted components are equivalent to the component species of the sintering agents listed in Table 2 , thereby confirming the grain boundaries are corroded. Furthermore, comparing the amounts of eluted components reveals that the compositional components of each specimen differ; in particular, compared to aluminum, yttrium and magnesium are more abundant.
The correlation between thickness of the discolored layer and immersion time is shown in Fig. 6 . Change in thickness of the discolored layer (layers ① and ② in Fig. 4 ) and change in thickness of the corroded layer (at which grain boundaries are eluted; layer ① in Fig. 4) are shown in Fig. 6 (a) and (b) respectively. It is clear from these figures that the thickness of the discolored layer and that of the corroded layer show similar trends; that is, both increase with immersion time. Moreover, when the thicknesses for each specimen are compared, it becomes clear that the thickness of the discolored layer follows the order specimen B＞specimen C＞specimen A, and the thickness of the corroded layer follows the order specimen B＞specimen A＞specimen C. In other words, a correlation between of discolored layer thickness and corroded-layer thickness was not confirmed.
As for the noticeable corrosion morphology near the surface in contact with the corrosive HCl solution, it was similar that in the same manner as the case that Si 3 N 4 is immersed in aqueous solution of 1-mol/L H 2 SO 4 at 90℃, grain boundaries in the vicinity of the surface are prominently eluted, in particular, magnesium is abundantly eluted immediately after immersion (Seipel and Nickel 2003) . In the present report, as shown in Table 3 , the total amount of elution components for specimen B is greater than the totals for the other specimens, and magnesium abundantly eluting is thought to be the main contributing factor to that large amount. Accordingly, the large thicknesses of the discolored layer and the corroded layer of specimen B are considered to be due to the fact that MgO is more abundant in specimen B that in the other specimens (see Table 2 ). In addition, comparing the thicknesses of the discolored layers and the corroded layers of the specimens after 1500-h of immersion reveals that specimen A's is 0.67(corroded layers: 0.39mm / discolored layers: 0.58mm), specimen B's is 0.50(corroded layers: 0.61mm / discolored layers: 1.23mm), and specimen C's is 0.24(corroded layers: 0.20mm / discolored layers: 0.85mm). As a result, the grain boundaries of specimen C are the most difficult to corrode. Although the reason for that result is not clear, it has been reported that strength and corrosion resistance are enhanced by crystallization of the glass layer of the grain boundaries (Ueno, et al., 1995) , and it is considered that composition and crystallization state of the grain boundaries influence the corrosion resistance. Specimen C 439 ---1840 2279 Table 3 ×10 -6
Corrosion behavior of silicon nitride ceramics after immersion in 80℃ 3-mol/L HCl for 1500h. Grain boundaries near the surface which contact the corrosive solution are notably corroded.
Composition of HCl solutions after immersion test.
Values in the list are converted to correspond to ones for 1L of specimen solution. There are much yttrium and magnesium observed in the solutions after the test. Arai, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00384]
Effect of corrosion degradation on reduction of bending strength
The correlation between thickness of the corroded layer and weight loss and that between bending strength and weight loss are shown in Fig. 7 and Fig. 8 , respectively. Straight lines drawn in this figure are the results of linear approximation for values of each specimen. It is clear from to these figures that corroded-layer thickness and bending strength both have linear correlations with weight loss. However, the slopes of the linear correlations for the three kinds of specimen differ, and the correlations for all specimens cannot be summarized by applying one first-order equation. It has been reported that the variation in bending strength of Si 3 N 4 immersed in HCl aqueous solution corresponds well to the supposed existence of semi-circular surface cracks (with diameter D) with equal depth to the thickness of the corroded layer in which grain boundaries are eluted (Arai, et al., 1995) . In the present report too, on the basis of that result, the corroded layer in which grain boundaries are prominently eluted is correlated with bending strength under this assumption of the existence of semi-circular surface cracks. Arai, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00384]
The correlation between thickness of corroded layer and bending strength after corrosion test are plotted in Fig. 9 . In the figure, samples for the equivalent crack length are shown as white symbols, samples for the diameter of semi-circular surface crack are shown as black symbols. The solid line drawn in Fig. 9 is lead from the solution of the following expression Eq. (1) (Takahashi, et al., 1985) as the fracture toughness is set to the average of 3 specimens (K IC = 5 MPa・m 1/2 ) and the particle diameter d is average grain size of each specimen listed in Table 1 ( 1) Under the interpretation that the semi-circular surface cracks represented in the figure are converted according to fracture mechanics to through cracks in an equivalent infinite plate, the correlation given as equivalent crack length a e ≒0.25D holds (Takahashi, et al., 1985) . In the figure, the correlation between breaking strength of the test specimens (obtained from average fracture toughness of each specimen, i.e., 5MPa・m 1/2 ) and equivalent crack length (a e ) is shown by the solid line. As shown by the black symbols in the figure, regardless of the kind of specimen, by plotting corroded layer thickness in which grain boundaries are eluted as diameter of the semi-circular surface cracks, it becomes clear that fracture strengths of the Si 3 N 4 base material are in good agreement with the solid line. It can thus be said that the corroded layer (in which grain boundaries are eluted and corroded) acts as a defect, and the bending strength of Si 3 N 4 after immersion in aqueous HCl solution is dominated by the weakest part in the corroded layer.
The corroded layer is a porous structure that is originated from selective elution of grain boundary. Therefore, cracks are formed as omnidirectional instead of continuous from surface to inside. Also, omnidirectional cracks are formed near the weakest part in the corroded layer, which is dominant to bending strength. Therefore, it is assumed that the corroded layer is modeled as a semi-circular crack because most of cracks should behave as semi-circular defects.
Furthermore, although the weight losses of the three kinds of specimen differ, owing to the effects of sintering-agent composition and grain boundaries, the degree of reduction in bending strength after the corrosion test can be predicted from the thickness of the corroded layer (in which grain boundaries are eluted) and fracture-toughness values. In other words, if the correlation between weight loss and corroded-layer thickness in acidic aqueous solutions under various conditions is understood, it becomes possible to estimate the degree of strength reduction of various Si 3 N 4 ceramics containing differing sintering agents on the basis of fracture-toughness (K IC ) values. •○：Specimen A ■□：Specimen B ▲△：Specimen C Relationship between equivalent crack length and bending strength after corrosion test. The black-colored symbols are plotted at the positions ae (ae≒0.25D) where thickness of the corroded layer is equivalent to diameter of semi-circular surface crack (D). The white-colored symbols are plotted at the positions of the thickness of the corroded layer assuming that they are equivalent to equivalent crack length ae. The blackcolored symbols are well fit for the solid line independent from the type of specimen. Arai, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00384]
Conclusions
Three kinds of Si 3 N 4 specimens (formed by pressureless sintering), with different sintering-agent compositions and mechanical strengths, were immersed in an aqueous solution containing 3-mol/L HCl at 80℃ for up to 1500 h, and corrosion degradation and variation in bending strength after the immersion tests were evaluated. The conclusions drawn from this evaluation are summarized as follows.
(1) Bending strength of all three kinds of Si 3 N 4 specimens decreases dramatically after immersion time of 200 h, but after that time, it decreases gently with time. And weight loss after immersion shows a similar trend to that of bending strength. (2) On the fracture surfaces of the specimens after the immersion tests, a layer with a changing color ("discolored layer") was observed. In the vicinity of the surface of that discolored layer in contact with the corrosive aqueous solution, there is a "corroded layer" in which grain boundaries are eluted and corroded. (3) Corroded-layer thickness and bending strength of the three types of Si 3 N 4 specimens show linear correlations with weight loss. However, the slopes of the linear correlations for each of the Si 3 N 4 specimens differ, and a single linear equation cannot be used to summarize the correlations for all the specimens. (4) If the corroded-layer (in which grain boundaries are eluted and corroded) thickness is taken as equivalent to the diameter of semi-circular surface cracks, the fracture strengths(K IC ) of the Si 3 N 4 base materials are in agreement with variation in the thickness regardless of the type of Si 3 N 4 specimen.
